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Several pressure sensors were deployed in a small lake to determine its storage change. It could be shown
that a deep enough deployment and an averaging over a time interval of 1 hour and 5 measuring points
allowed for a measurement of 1 or 2 kg/m2 (i.e. 2 mm of water column) of changes in the storage on the
scale of the lake size. This accuracy for the lake storage could not be achieved by other methods, especially
if conditions were difﬁcult, e.g. snowfall, or in cases when precipitation was small. Finally, the pressure
measurement – originally intended to roughly determine the water level – turned out to be a direct
measurement of water mass in the lake, which was the proper magnitude for exchanges between
atmosphere and lake. Hence the measurement of lake storage could become an interesting approach even
for meteorological measurements, such as precipitation and evaporation on a water surface.
& 2009 Elsevier GmbH. All rights reserved.Introduction
Water storage of a lake and its variations are fundamental
quantities for the lake environment. Precipitation can control
ﬂushing, and evaporation strongly affects heat budget of a lake.
Both exchange processes with the atmosphere are crucial for
stratiﬁcation of the lake, if certain salinity is present in the surface
layer.
Though this magnitude is of central importance, an accurate
measurement is difﬁcult, especially if one deals with smaller
lakes. In most cases, groundwater contributions are unknown and
run-off data into the lake are sparse or unreliable, at least what
concerns small creeks. In addition, the measurement of precipita-
tion on a lake is difﬁcult. Land stations may not represent the
conditions on the lake surface and water based measuring sites
are often used as landing and dwelling spots by sea gulls, who not
seldom set the precipitation measuring equipment out of
operation. In addition, calculations of evaporation from a lake
surface are often based on assumptions for oceanic conditions
that do not appropriately reﬂect the situation above small lakes,
such as weak winds, small waves and high local variability, due to
partial shading from sun and wind by the surrounding vegetation.H. All rights reserved.
x: +49 391 810 9150.
rer).
earch (GEOPOLAR), Institute
e FGV-M, D-28359 Bremen,On top of these logistic problems, the employed techniques
inherit implicit limitations for their accuracy. Snowfall cannot be
registered by traditional drop counters. Dew in small amounts
cannot be quantitatively determined by precipitation measuring
equipment, and the accuracy of lake storage estimation from
water level measurements is limited by thermal expansion of the
water column, as shown below. As a conclusion, we looked for an
improved measuring principle that may avoid at least some of
these shortcomings.
The presented investigation was conducted to determine the
accuracy of measurements of water storage changes in a small
lake by simple means. Several pressure loggers were deployed
and run at a high sampling frequency to record enough data to
annihilate local and temporal pressure variation due to surface
elevation and internal waves by averaging. It was shown that the
apparently simplistic approach of approximately determining
water level by pressure turned out to be a direct measurement of
the weight of lake water, which was the climatically interesting
physical magnitude. Processed data from Mining Lake 111
quantiﬁed the accuracy at which water storage measurements
were feasible.Instruments and measuring site
For the measurements, we chose Mining Lake 111 in the
Lusatian area between Berlin and Dresden. As this highly acidic
lake was selected for a remediation project (Koschorreck et al.,
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Fig. 2. Meteorological conditions at the lake surface of Mining Lake 111 (sampling
site R12) over the period 7–19th of August 2002.
B. Boehrer et al. / Limnologica 40 (2010) 156–160 1572002), there was strong interest in its hydrological situation
(Knoll, 1998; Bozau and Strauch, 2002a, 2002b), which also
concerned its connection to the groundwater and surface water.
The lake had a surface area of 0.107 km2 and maximum depth of
about 10 m (Fig. 1, Bu¨ttner et al., 2000). Data for this study were
acquired during 2 weeks in August 2002.
The lake was surveyed for its physical and meteorological
features (Fig. 2, see also Schimmele and Herzsprung, 2000;
Boehrer et al., 2000; Karakas et al., 2003). A meteorological
station (Aanderaa, Bergen, Norway) was anchored at R12 above
the deepest location of the lake and acquired data at 2.6 m above
the lake level. The time series of solar radiation showed a period
of very ﬁne summer weather over the entire displayed time
interval, with the exception of 12th, 13th and 14th of August,
when heavy rains stroke Germany and Czech Republic to cause
more severe ﬂoods along river Elbe than have been recorded for
100 years before. A report about the ﬂood (Engel, 2002)
mentioned an average precipitation of 133 mm on the days
11–13th of August for the catchment of the small river Schwarze
Elster, within which RL 111 was located.
The records of air pressure, humidity, air temperature and
wind speed (Fig. 2) were consistent with the passage of a low
pressure system. The surface temperatures in the lake fell from 24
to 20 1C over the time period as shown by the thermistor string
connected to the ﬂoating meteorological station deployed in R12
(Figs. 1 and 3). Temperatures at deeper locations stayed nearly
constant, except for internal wave activity. Most of the small long
term temperature change could be attributed to the heavy rains
that fell on 12th and 13th and lifted the buoy in the vertical
through the temperature proﬁle by 120 mm, as shown below.
During the sunny days, air temperatures went up and down by
10 K, thus forcing the humidity to 100% during night time and
morning. In addition, the meteorological buoy carried a rain
sensor (drop counter), which we intended to use as a reference toFig. 1. Depth contours of 4 and 8 m of Mining Lake 111. The meteorological
station and the thermistor chain were deployed at R12, while RK1–RK6 indicate
the locations of the pressure loggers (modiﬁed from Bu¨ttner et al., 2000).compare the accuracy of the presented approach with. However,
the drop counter failed to produce any useful data in the
respective period.
At locations RK1–RK6, pressure loggers were anchored on a
stand at a water depth of about 5 m. The logger in RK5 turned out
to be defective. The other loggers recorded data of pressure
and temperature at a time resolution of 2 s over the respective
time interval to guarantee ample data for averaging to remove the
effect of surface waves (e.g. Hofmann et al., 2008). In fact the
pressure variations due to surface waves played the role of noise
and hence allowed averaging below the resolution of a single
measurement of 6 Pa. The range extended from 0 to 2000 hPa
(which roughly corresponded to air pressure plus 10 m of water
column). A test in the laboratory proved that the loggers were
well capable of registering pressure changes accurately.Theoretical basics and a-priori limitation of accuracy
A measurement of the water level sufﬁces to determine the
volume ﬁlled by the lake water. For an exact evaluation of the
water storage, i.e. the mass of water, the density proﬁle needs to
be known. As density is connected with temperature, thermal
stratiﬁcation of the water needs to be included (e.g. Boehrer and
Schultze, 2008). If a temperature proﬁle is not available, the
accuracy of this approach is limited, as shown with the following
example.
Fig. 3 presents falling temperatures from 24 to 20 1C (DT=4 K)
of the surface layer over the time period 12–14th of August 2002.
Attributing this temperature decrease to the upper water layer of
hE2 m yielded a water level falling by d=ha DTE1.8 mm due to
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Fig. 3. Temperatures recorded at various depths (annotated) in Mining Lake 111
(sampling site R12) over the period 7–19th of August 2002.
B. Boehrer et al. / Limnologica 40 (2010) 156–160158only thermal contraction (aE2.3104/K at 22 1C for waters
from Mining Lake 111, see Karakas et al., 2003), with no water
gains or losses considered. Because of its intuitive connection to
the water table, we refrain from using a length scale (mm) or a
velocity (m/s) to quantify changes in the water storage. We rather
use temporal changes of mass per unit area 1 kg/(m2 s), which is
the proper unit for quantifying storage changes. A recorded
pressure change Dp of 1 Pa=105 bar=1 N/m2 corresponds to a
water column roughly d=Dp/(gr)E104 m=0.1 mm high, if a
density of r=1000 kg/m3and a gravity ﬁeld of g=9.81 m/s2 are
considered.
In this contribution, we used temporal changes of the pressure
difference measured between a location inside the water and
barometer above the water. We assumed sound waves, i.e.
pressure waves, did not interfere with our measurements. Hence
the formally correct approach was solving the Navier–Stokes
equation for the pressure gradient and integrating the pressure
gradient along a path from the pressure sensor to the barometer.
The temporal variation should be reﬂected in varying results
obtained from the conditions along the path.
The leading term was the hydrostatic pressure and hence only
the component along the vertical (z-) axis of integration path
needed to be included.
Dp¼ g
Z barometer
pressure sensor
rdz
Thus the pressure difference Dp between the two locations
reﬂected the mass per unit area that was found in the vertical
column between the pressure sensor and the barometer. Varia-
tions of the pressure difference reﬂected changes of the mass
within the unit area column. All other terms of the Navier–Stokes
equation made an effect of 1 Pa or smaller and thus were not
considered in our approach. In larger lakes, those contributions
could be remarkably higher. Probably the next term to be
considered would be the horizontal pressure gradient in the
atmosphere, which could reach up to 10 Pa/km, and thus could
limit the size of lakes possibly surveyed by only one barometer at
the required accuracy. In larger lakes, currents could be faster and
raise Bernoulli and Coriolis terms to values that would require
inclusion.
As a quantiﬁcation of the storage change over the entire lake
was anticipated, the deepest spot in the lake would be anappropriate choice for locating the pressure sensor. However, due
to the fact that surface elevation by wind stress and internal
waves caused spatial variations of pressure, the pressure sensors
needed to be distributed to cover the entire lake. The sensors had
to be deployed deep enough that the water body below the
sensors was not greatly affected by thermal expansion during the
observation period. Hence we calculated changing pressure due
to water volume DVd entering the water column between the
pressure sensor and the barometer, due to the thermal expansion
of the water body Vd below the anchor depth:
Dpd ¼ grDz¼ gr
DVd
A
¼ grVdDTad
A
where subscript d indicated conditions in the water below the
pressure sensors. In our case, all pressure sensors were located at
5 m depth on average. Within the observation period the water
temperatures below 5 m rose by less than DTo0.5 K, ado104/K
at temperatures below 11 1C and Vd/Ao2 m. In conclusion, we
found thermal expansion of the water body below could bias the
results by no more than 1 Pa and thus was not considered further.Results
Air pressure was logged by a barometer in position R12
(Fig. 4a), which conﬁrmed the passage of the low pressure system.
The measured values ranged from 986 to 1008 mbar. The absolute
pressure (Fig. 4b) logged at about 4–5 m depth in the lake was
roughly 400–500 mbar higher, reﬂecting the weight of the water
column above. However the shape of the curve was similar, i.e. air
pressure dominated the pressure variation.
The difference between the two curves (Fig. 4c) could identify
two plateaus at the beginning and at the end of the ﬁeld
experiment and a steep increase during the days 12th and 13th
of August, which corresponded to above mentioned heavy
rainfalls in Germany. There seemed to be some variation even
in the plateaus, but the data showed some short term oscillation
of the same order of magnitude (0.5 hPa), which limited the
accuracy at which water storage could be calculated from one
measurement site only.
These short term pressure oscillations as seen by the pressure
sensors were apparently real. Most probably these pressure
changes originated from shifting water within the lake basin,
rather than exporting and importing of this water mass. In
conclusion, most probably, the sensors recorded local surface
elevation and internal waves rather than variations of water
storage of the lake. As a consequence, if water is shifted within the
lake basin, water mass removed from one location must
accumulate at other locations, and averaging pressure measure-
ments at various locations in the lake area must reﬂect the current
water storage at a much higher accuracy.
To get a measurement of the storage in the entire lake, the
average of all stations (RK1–RK4 and RK6) was compared with the
barometer and yielded a much better representation of the water
storage (Fig. 4d). The much smother curve still showed plateaus at
the beginning and the end of the observation period, separated by
the steep increase due to heavy rainfall. A second much smaller
but signiﬁcant step was recorded in the depiction of 17th of
August 2002.
For the time period of 120 h before the heavy rains, i.e. from
7th to 12th of August 2002, a regression curve (see Fig. 5) yielded
an average of an overall loss of 43106 kg/(m2 s), which
corresponded to 18.6 mm water column over the period of 5
days or 3.7 kg/(m2 d). This was a time period of hot and sunny
weather, and the loss of mass could be attributed mainly to
evaporation from the lake surface. Richter (1977) developed an
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Fig. 4. Time series over the period 7–18th August 2002 of hourly means of (a) atmospheric pressure measurements recorded at position R12 at about 2.6 m above the lake
surface; (b) of measured absolute pressure in RK2 at a depth of roughly 5 m; (c) pressure difference between records at station RK2 and the barometer; and (d) mass per
unit area ﬂuid column.
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humidity (H, broken line) at measuring site R12, mass per unit (p, solid line) from
average pressure (Fig. 4) and temperature (T, dotted line) at measuring site R12.
The ﬁne broken vertical line marks the end of the humidity upper limit plateaus.
B. Boehrer et al. / Limnologica 40 (2010) 156–160 159empirical approach to calculate evaporation at Lake Stechlin,
about 200 km to the north from Mining Lake 111. This formula is
based on relative humidity, wind speed and temperature
measurements and has been used for calculating evaporation
over periods of days or months. Using Richter’s approach on the
situation of our measurements yielded 3.5 kg/(m2 d) in good
agreement with a slight underestimation by about only 6%
(see Fig. 5, further smaller contributions not being considered so
far, see below).
Other than the single point measurements, the averaged time
series of pressure signals could resolve a distinct diurnal signal
from the gradual decline over the period 7–12th of August. Eachnight of the respective time period, humidity reached a plateau,
which indicated the onset of condensation in the atmosphere
above the lake. The vertical broken lines mark the end of these
periods in Fig. 6. They coincide with the local maxima of the water
storage curve within 1 h. As a consequence, the measurable
recharge could be attributed to dew and possibly mist in the
lowest 2.6 m of the atmosphere (below the air pressure sensor).
To disprove any concerns about artifacts from a possibly improper
temperature compensation of the barometer, we also included the
measured air temperature (Fig. 6), which did not correlate with
the water storage change.
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B. Boehrer et al. / Limnologica 40 (2010) 156–160160We felt that the scatter of data still interfered with a clear
depiction of the daily cycle. Hence we calculated the average over
three consecutive days of the pressure measurements at the same
time of the day (Fig. 7) – no net exchange showed up from
afternoon 16:00 until early morning 5:00 o’clock, then a rapid and
short increase between 5:00 and 7:00 in the morning, and a
longer period of net loss during day time from 8:00 until 16:00.
From estimates based on isotopic investigations (Kno¨ller and
Strauch, 2002), seepage measurements (Bozau and Strauch,
2002a) and groundwater modelling (Bozau and Strauch, 2002b)
groundwater inﬂow should contribute 7106 kg/(m2 s)=0.6 kg/
(m2 d) and groundwater outﬂow 4 106 kg/(m2 s)=0.35
kg/(m2 d) as the annual mean. Both gently sloping lines drawn
into the evening and night plateaus of the lake water balance
(Fig. 7) represent the inferred net input into Lake RL 111. Though
the groundwater connection could not crucially be tested with the
present data, the Bozau and Strauch estimate ﬁtted well with our
measurement.
Common approaches (e.g. Malek et al., 1999; Ninari and
Berliner, 2002; Meissner et al., 2007) indicated dew to lie in the
range of 0.2–0.4 kg/m2 for each morning. Looking at the
temperatures when humidity above the lake hit or dropped
below 100%, i.e. about 20 or 15 1C, respectively (Fig. 2), indicated
that about 0.005 kg/m3 could be released by falling temperatures
during the night from a cubic meter of air (e.g. Roedel, 1992,
p. 65). This would mean the water from an air column of 40–80 m
deposited the available vapour in the lake. However, the increase
in our measurements between 5:00 and 7:00 was much higher,
i.e. 1.8 kg/m2 and surmounted the anticipated amount of dew by
about the accuracy of our water storage measurement. As there is
no indication that a small lake would attract humidity from a
larger environment, a different reason for the pressure variation
must be suspected. Either an additional, yet unidentiﬁed inﬂow in
the early hours of one of the averaged 3 days must be suspected,
or local wind ﬁelds have biased our measurements in the order of
the accuracy of the approach.Conclusions
Measurements of the pressure at one location in Mining Lake
111 could be used for measuring the water storage change of thelake only within some 5 kg/m2, i.e. roughly 5 mm. An average of
pressure measurements at ﬁve locations well distributed over the
entire lake resulted in a resolution of about 1–2 kg/m2 over the
area of the lake. This was more accurate than calculating water
storage from measurements of the water table, if no detailed
informations on the density of the water column were included.
The measurements in Mining Lake 111 could conﬁrm the
heavy rainfalls between 12th and 13th of August, in the
magnitude estimated from meteorological sources for the sur-
rounding catchment. Over the summer days from 7th to 12th of
August an average loss of 43106 kg/(m2 s) could be quantiﬁed.
In addition, by averaging over several sunny summer days, the
diurnal cycle could be veriﬁed. The gross trend of water loss to the
atmosphere corresponded very well with those from common
approaches. The groundwater connection ﬁtted perfectly into the
wider picture. In conclusion, the accuracy of the water storage
measurement depended on the temporal averaging and the
number of deployed pressure sensors at different locations in
the lake, much more than the properties of the pressure sensors.Acknowledgements
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